ABSTRACT
INTRODUCTION
5 peripheral nerve (5 kHz); the mechanism appeared to be sustained depolarization of the initial axon 119
segment. 120
Spinal cord stimulation via a chronically implanted device is routinely used for the treatment of 121 chronic pain. Such devices normally stimulate at low frequencies (between 30-100 Hz), but recently 122 there has been interest in using kilohertz range stimuli. A large clinical trial has demonstrated 123 promising effects by delivering 10 kHz stimuli to electrodes with tips in the epidural space of the 124 thoracic segment (Al-Kaisy et al., 2014). The authors report a significant and sustained reduction in 125 pain scores over a 24 month period in the majority of patients. In contrast however, results from basic 126 science studies carried out in rats are conflicting (Song et al., 2014 , Shechter et al., 2013 . 127
To date, few studies have investigated the potential of high frequency sinusoidal stimuli to block 128 conduction in central axon tracts. Aside from possible biophysical differences between central and 129 peripheral axons, an important methodological difference is the type of electrode used to deliver the 130 stimulus. All studies of peripheral nerve use cuff electrodes, which ensheath the nerve, focusing the 131 current along the axon fascicles. By contrast, stimuli to central axon pathways are typically delivered 132 via metal electrodes, insulated except for the tip. This allows stimuli to be delivered to deep target 133 tracts, located via stereotaxic coordinates and electrophysiological response signatures, without 134 damage to overlying neural structures. Activity block has been achieved using tungsten microwire 135 electrodes placed directly within the rat sciatic nerve (Ackermann et al., 2010b) , but it remains 136 unclear whether high frequency currents delivered through fine-tipped electrodes will be capable of 137 producing sufficient blocking of central pathways to be useful, either clinically or experimentally. 138
In this study, we characterized the effect of high frequency sinusoidal stimuli on the primate 139 corticospinal tract. Stimuli were delivered through a single sharp metal electrode and a distant 140 reference. We found that near-complete blocking of fast corticospinal conduction could be obtained, 141 with a rapid onset; the effect was reversible, also over a rapid timescale. We further demonstrate these 142 findings in other primate central pathways and suggest that this method could have widespread uses, 143 both to generate transient reversible lesions in animal studies, and also potentially to treat neurological 144 disease caused by excess activity in a defined central tract. 145
146

METHODS
147
Anaesthesia and Surgical Preparation 148
The main experimental series was performed in five anaesthetized healthy adult male baboons (Papio 149 anubis; 22.5-26 kg), as part of longer studies unrelated to the present report. All animal procedures 150 were approved by the local ethics committee of the Institute of Primate Research, Nairobi, Kenya.
6
Animals were initially anesthetized with intramuscular injection of ketamine (10-12 mg/kg) and 152 xylazine (0.5-0.75mg/kg). Following intubation and insertion of an intravenous line, deep general 153 anesthesia was then maintained with inhaled halothane (1-2% in 100% O 2 ) and continuous 154 intravenous infusion of fentanyl (1-4 µg/kg/h). The animals were artificially ventilated using a 155 positive pressure ventilator. Initial surgical preparation included a tracheotomy (which replaced the 156 originally-inserted endotracheal tube, providing more stable long-term airway protection), and 157 insertion of a central arterial line for continuous blood pressure measurement via the carotid artery on 158 one side. Methylprednisolone (initial loading dose of 30 mg/kg, followed by infusion of 1-7 mg/kg/h) 159 was administered to reduce cerebral edema, and Hartman's solution (1.5-6.5 ml/kg/ / h) to ensure fluid 160 balance. The urethra was catheterized to prevent urinary retention and temperature was maintained 161 using a heating blanket supplied with thermostatically controlled warm air. Anesthetic monitoring 162 included heart rate, arterial blood pressure, pulse oximetry, end-tidal CO 2 and core and peripheral 163
temperature. 164
The head was fixed in a stereotaxic frame, and a craniotomy over the left motor cortex (M1) made to 165
give access for epidural field potential recording. A laminectomy was performed to expose spinal 166 segments T1-C5, and the spinal dura removed to allow access to the cord. The vertebral column was 167 clamped at the high thoracic level. In two animals a second craniotomy was opened on the right side 168 and a small piece of M1 removed for an in vitro experiment unrelated to the present report. 169
Anesthesia was then switched to a combination of midazolam (0.4-2.4 mg/kg/ / h), ketamine (0.1-170 0.8 mg/kg/ / h) and fentanyl (2.9-11.2 µg/kg/h) for the electrophysiological recordings, as we have 171 previously found that this yields stable anesthesia but leaves central nervous system circuits more 172 excitable. Slow rising trends in heart rate or blood pressure, or more rapid rises in response to noxious 173 stimuli, were taken as evidence of lightening anesthesia; supplemental doses were then given, and 174 infusion rates adjusted accordingly. During spinal stimulation protocols, neuromuscular blockade was 175 initiated by giving an intravenous bolus of atracurium (10-15 mg per injection); this was repeated 176 approximately every hour as required to maintain block. 177
At the end of each experiment, the animals were killed by overdose of anesthetic; where tissue was to 178 be harvested for histological analysis, the animal was perfused through the heart with phosphate 179 buffered saline followed by fixative. 180
Further experiments were carried out in one adult male macaque monkey (17.7 kg), with ethical 181 approval from the Newcastle University Animal Welfare and Ethical Review Body and under 182 appropriate licenses from the UK Home Office. This animal had previously been used for a chronic 183 series of experiments on visual pathways but his motor system remained undisturbed. The animal was 184 initially anesthetized with an intramuscular injection of ketamine (10 mg/kg) and surgical procedures 185 were carried out under sevofluorane (2-3.5%) with an additional infusion of alfentanil (127 15 µg/kg/h). A laminectomy was performed and the spinal dura was removed to facilitate access to 187 the T1-C5 segments. In addition, we made bilateral craniotomies over sensorimotor cortex for the 188 purposes of recording cortical potentials. Physiological measures were monitored throughout the 189 procedure as described in the experiments above. During recording, the anesthetic regimen was 190 changed to an infusion of midazolam (0.9 mg/kg/h), ketamine (0.6 mg/kg/h) and alfentanil 191 (12 µg/kg/h) and neuromuscular blockade was achieved with atracurium (0.7 mg/kg/h). At the end of 192 this experiment, the animal was killed by overdose of anesthetic. 193
Electrophysiological Recordings 194
In four animals, we investigated the properties of HF blocking stimuli delivered through electrodes verifying its location within the dorsolateral funiculus, and it was then fixed in place using tissue glue. 205
A standard stainless steel microelectrode (Microprobe SS30030.1A10; <0.1MΩ, 2-3µm tip diameter, 206 estimated exposed surface area 180 μm 2 ) was then inserted into a more rostral region of the spinal 207 cord (around C5 segment) using a three axis stereotaxic manipulator, allowing us to examine how 208 effects from this electrode depended on the tip location. 209 A schematic diagram of the experimental set-up is shown in Fig. 1A . Stimuli were delivered to the 210 caudal fixed electrode using an isolated constant-current stimulator at 2Hz (AM Systems, Inc; 211 biphasic pulses, 0.2ms per phase, 500µA or 1mA intensity). The blocking stimulus was provided by a 212 device which converted a voltage command signal to a constant current isolated output (DS4 213 Stimulator, Digitimer, Welwyn Garden City, UK). This device was calibrated using a 20kΩ load 214 resistor across the two output contacts; output voltage was then measured on an oscilloscope and 215 confirmed to be as expected. Sinusoidal currents had a frequency between 2 and 10kHz, intensity 216
200µA-1mA, and duration of 0.53s. Throughout this paper, intensity is given as the peak amplitude, 217
i.e. the maximal positive or negative excursion relative to baseline, which equates to half the peak-to-218 peak amplitude. An epidural cortical recording was made over M1 with silver ball electrodes resting 219 lightly on the dura (gain 5000, band-pass 300Hz-10kHz). Command waveforms and stimulus delivery 220 were controlled by Spike 2 software and a micro1401 interface (CED Ltd, Cambridge, UK), which 221 also sampled waveform data to disk at 25 kHz, together with markers indicating stimulus occurrence 222
times. 223
Antidromic corticospinal responses in M1 were elicited following stimulation through the caudal 224 spinal electrode (fixed 'hatpin') at constant stimulus intensity. Stimulation through this electrode 225 alone was interleaved with stimulation combined with high frequency sinusoidal stimulation through 226 the rostral (movable) electrode. In most experiments, stimuli were given approximately 10ms, 250ms 227 and 500ms after the onset of the sinusoidal current. We averaged together responses to the various 228 stimuli given at 250 and 500ms after verifying that both yielded similar results. Recordings were 229 carried out with the rostral electrode at multiple depths to determine the spatial properties of high 230 frequency block in the spinal cord. At each recording site, an intensity and frequency series for the HF 231 block was recorded. We also measured the extent of overlap between corticospinal fibers which could 232 be activated from the two electrodes by measuring responses to stimulation of each alone (biphasic 233 square current pulses, as described above), and both together (occlusion). 234
In one baboon, we tested the ability of HF stimulation to provide information on pathways 235
contributing to a response of unknown origin. Stainless steel electrodes as above were inserted into 236 the right side medial longitudinal fasciculus (MLF) and left side pyramidal tract (PT) in the medulla, 237 using the double angle stereotaxic method described by Soteropoulos and Baker (2006) . We further tested parameters of HF block in one macaque monkey. These experiments used metal 243 microelectrodes (as previously described) which were implanted into the pyramidal tract (positioned 244 as above) and dorsal column of the spinal cord (hatpin electrode, positioned to optimize 245 somatosensory evoked potential in sensorimotor cortex). In addition to high frequency sinusoidal 246 stimuli, we also tested high frequency square pulse stimuli delivered to the PT; these were produced 247 using a standard isolated constant-current stimulator (Model 2100, AM Systems Inc, Carlsborg, WA, 248 USA). This animal also had a bipolar nerve cuff implanted around the median nerve in the upper arm 249 to allow direct stimulation of the nerve. 250
Measures to Reduce Sinusoidal Stimulus Artefact 251
Delivering continuous sinusoidal stimulation posed a problem when making simultaneous recordings 252 of electrical activity, as recorded signals were almost always contaminated by a large sinusoidal 253 stimulus artefact. To reduce the impact of this, we designed the timing of test stimuli to be delivered 254 at opposite phases of the sinusoidal current in successive trials (see Fig. 1B ). Figure 1C shows an9 example of overlain single sweeps of recordings, which make clear the extent of the sinusoidal 256 contamination, and also illustrate the opposite phases of successive sweeps. Figure 1D shows an 257 average of these waveforms; the artefact was much reduced by cancellation (note the scale bar is one 258 tenth of that in Fig. 1C ). However, some residual contamination was still present. 259
Two signal processing methods were used to reduce the artefact further. Firstly, we estimated a 260 template for the sinusoidal contamination by constructing a cyclical average of the baseline (pre-261 stimulus) region. This averaged successive 1 ms-long sections of waveform; the cyclic average was 262 then replicated over the entire average time course, both before and after the stimulus (red trace, Fig.  263 1D). We used a 1 ms cycle time for this process, as all sinusoidal frequencies tested were integer 264 multiples of 1 kHz. The artefact template was then subtracted from the actual average (Fig. 1E) . Part 265 of the success of this method came from the fact that the same microprocessor-based system 266 controlled the sinusoid generation and data capture, meaning that there was no drift between 267 successive cycles of sinusoid and the data acquisition clock. Finally, we digitally low-pass filtered the 268 response, using a cut off frequency of 1.7 kHz, which was below the lowest stimulus frequency which 269 we used (2 kHz). The filtered trace is shown in Fig. 1F . 270
By applying these processing methods, it was possible to extract clear recordings of responses whose 271 amplitude could be reliably measured. The effectiveness of the processing was validated by the 272 numerous instances where for whatever reason sinusoidal block was ineffective, and we recovered 273 responses after artifact correction very similar to control waveforms (see for example Figs 2, 3B, 4D). 274
All data analysis was performed in the MATLAB programming environment. 275
276
RESULTS
277
Effect of Frequency and Intensity of Sinusoidal Current applied to the Dorsolateral Funiculus 278
High frequency sinusoidal stimulation was able to block conduction within the corticospinal tract of 279 all animals tested. In each case, we found a frequency and intensity-specific effect of blocking cortical 280 field potentials recorded over M1. An example dataset is shown in Fig. 2 . The most effective stimulus 281 frequency was 2 kHz, which was able to block the majority of the antidromic response at the highest 282 intensity in three out of four of the animals (93.5%, 99.6%, 47.2% and 73.2% of response blocked at 283 maximum intensity for baboons M, L, U and N respectively). There was a positive relationship 284 between blocking efficacy and HF stimulus intensity, however this grew weaker as frequency 285
increased. 286
Spatial Extent of Block and Comparison with Stimulation 287 10
The depth profile illustrated in Fig. 3 shows how blocking changed as the movable electrode was 288 advanced into the spinal cord of baboon L, keeping the intensity and frequency of the sinusoidal 289 stimulus the same (1 mA, 2 kHz). A clear increase in conduction block was apparent as the electrode 290 was advanced into the cord although this appeared to have two distinct phases. The first phase 291 produced a peak in block at a depth of 2mm; this is consistent with the tip lying in a central region of 292 the dorsolateral funiculus. As the movable electrode was advanced deeper into the cord, there was a 293 second, more pronounced period of block at 3.5mm. We suggest that this could reflect stimulation of 294 a medial area of the white matter which borders the intermediate zone. This region has recently been 295
shown to be densely populated with corticospinal fibers which are coursing into the grey matter to 296 synapse onto interneurons (Rosenzweig et al., 2009) . 297
Figure 3 makes clear that high frequency blocking is only effective within a limited distance of the 298 electrode tip. We were therefore interested in comparing the ability of a sinusoidal current to block a 299 population of axons with the ability of a square current pulse through the same electrode to stimulate 300 them. We estimated the latter using an occlusion test, illustrated in Fig. 4A . The response to 301 stimulation of both rostral and caudal spinal electrodes simultaneously was subtracted from the 302 response to the rostral electrode alone, yielding the additional fibers activated from the caudal 303 electrode. This was compared with the response to stimulation of the caudal electrode alone. If there 304 was no overlap between the two populations of stimulated fibers, these two traces would be the same. corticospinal axons as the caudal electrode (Fig 4CD, 11 .3% at 1 mA intensity). However, a 2 kHz 313 sinusoidal current passed through the rostral electrode could block around 50% of the response 314 activated by the caudal electrode, even with a sinusoidal amplitude as low as 400 μA (Fig. 4EF) . By 315 contrast, for the experiment illustrated in Fig. 4G -J, there was substantial occlusion. Stimulation 316 through the rostral electrode was capable of activating 65.4% of the same response as the caudal 317
electrode at the maximum intensity tested of 800μA (Fig. 4GH) . Sinusoidal currents passed through 318 the rostral electrode blocked the majority of conduction at this amplitude (Fig. 4IJ) . 319
In all animals, we found that HF stimulation typically blocked a greater proportion of fibers than 320 could be activated by stimulation at the same intensity (Fig. 4B) . 321
Onset Time Course 322
We examined the time course of the onset of conduction block in one animal; results are shown in 323 Fig. 5 . For this experiment the moveable electrode was placed at the site of maximal block, and a 324 2 kHz, 1 mA sinusoid was used throughout. Stimuli were delivered at different intervals after the 325 onset of the sinusoidal current. For each interval to be tested, stimuli were tested on alternate trials at 326 this interval and an interval 0.25ms longer (half a cycle at 2 kHz) to ensure maximal cancellation of 327 the sinusoidal artifact in averages (Fig. 1) . As well as the stimulus artifact, the onset of the sinusoidal 328 current elicited a large physiological response in the M1 recording (Fig. 5A) . The response to 329 sinusoidal current alone was subtracted from each sweep before measuring the antidromic response 330 produced from the caudal electrode. 331
There appeared to be two distinct phases to the time course of blocking, as demonstrated previously in 332 peripheral nerve. The first phase had an immediate onset, and was reduced even going from the 2 ms 333 to 4 ms interval. This is likely to reflect activation of corticospinal fibers around the onset of the HF 334 sinusoid. The elicited volley will show occlusion with that produced by the caudal stimulating 335 electrode, and then leave axons in a refractory state and unable to conduct. It is therefore perhaps 336 slightly misleading to refer to this phase as block, since the fibers were activated by the sinusoidal 337 current, and simply could not be activated again. Intervals greater than 6 ms produced a more 338 sustained phase of reduced response which is likely to represent true conduction block of 339 corticospinal fibers. 340
We did not examine the time course of recovery from block in detail. However, our protocol delivered 341 the first 'control' stimulus 500 ms after the offset of the HF sinusoid; the response to this stimulus 342 was the same as to later control stimuli, suggesting that recovery was already complete by this time, 343 similar to previous findings in the peripheral nerve (Bhadra and Kilgore, 2005). 344
HF sinusoidal stimulation of other central pathways 345
We examined whether HF stimulation is also useful for blockade of other central neural pathways. 346
First, we tested whether it was possible to block the corticospinal tract over its intra-cranial course, by 347 applying the blocking stimulus directly to the pyramidal tract at the medulla. As before, we generated 348 an antidromic response in M1 by stimulating the cervical cord. We then applied high frequency 349 sinusoidal (Fig. 6A) Some laboratories may lack isolated constant-current devices capable of delivering sinusoidal stimuli. 352
We therefore also tested whether block could also be induced using square pulses. These were 353 generated using a standard experimental stimulator, set to delivery biphasic pulses with the width of 354 each phase equal to half the cycle time. As shown in Fig. 6B , such square pulse HF stimulation was 355 also able to generate substantial block. However, whereas for sinusoidal stimuli the most effective 356 frequency was the lowest tested (2 kHz), this was not the case for square pulse HF stimulation. Pulses 357 delivered at 5 kHz appeared to yield greater block than either those at 4kHz or 7kHz (Fig. 6B ). 358
We also tested whether HF stimulation was capable of blocking central sensory pathways. Stimuli 359 delivered to the median nerve evoked a somatosensory evoked potential over sensorimotor cortex 360 (inset to Fig 6C, red) . When HF sinusoidal stimuli were applied to the dorsal column of the spinal 361 cord, a substantial reduction in the somatosensory evoked potential was seen (Fig. 6C) . This was 362 marked even at the lowest intensities, demonstrating a particular sensitivity of this pathway to 363 disruption from HF stimulation. 364
As noted above, one frequent use of experimental lesions is to reveal which pathway underlies a 365
neural response. To demonstrate that high frequency block is effective when used in this way, we 366 recorded from the dorsal surface of the cervical spinal cord in one animal following stimulation 367 through an electrode implanted in the PT at the medulla. As shown in Fig. 6D (red), when we 368 delivered a train of three stimuli to the PT, each stimulus was followed by a large short latency 369 corticospinal volley on the cord dorsum. In addition the second and third shock elicited later 370 responses, which grew from second to third shock. These responses are not likely to result from 371 current spread to other central pathways, as we have previously verified that a 1 mA stimulus to the 372 PT in a macaque only just spreads to the adjacent contralateral pyramid (Soteropoulos et al., 2011, 373 by placing a second electrode within the MLF, which carries many reticulospinal axons, and applying 380 HF block through this electrode. 381 Figure 6D shows results of this experiment, comparing results from trains of three stimuli to the PT 382 electrode alone (red), and during HF block of the MLF (black). Whilst the early corticospinal volley 383 was unchanged, there were clear reductions in components of the later potentials. This is made clearer 384 in Fig. 6E , which presents the difference between the two traces of Fig. 6D . The results demonstrate 385 the existence of a reticulospinal volley following stimulus trains to the PT in primate, in agreement 386 with previous reports in cat (Edgley et al., 2004) . 387
Long Duration Block 388
The results presented above concerned brief HF stimuli lasting no more than 0.5 s. In a further 389 experiment, we also tested whether block would continue during a longer stimulus, and whether such 390 13 stimulation would have effects which outlasted the application of HF current. Figure 7A shows 391 somatosensory evoked potentials obtained before (left panel), during (middle panel) and after (right 392 panel) 30 s of continuous HF sinusoidal stimulation to the dorsal column (1mA, 2kHz). Note that the 393 somatosensory evoked potential had two phases: the initial, negative phase was very consistent 394 between sweeps in the control period, and likely reflects the earliest synaptic input to the cortex. The 395 later, positive phase was more variable during the control period, and probably reflects later cortical 396 processing which depends on exact background state. Block of the first part of the response was 397 maintained throughout the stimulation period although there was a small decrease after 10 s had 398 elapsed; this decrement did not seem to reflect any adverse effect since the response returned to the 399 control level rapidly after HF stimulation was terminated. However, during an even longer 5 minute 400 period of HF stimulation (Fig. 7B) we observed considerable variability which could reflect the onset 401 of tissue damage. The first 10 seconds of prolonged HF stimulation produced an equivalent block to 402 that shown in Fig. 7A , but this was reduced markedly thereafter. Furthermore, when HF stimulation 403 ceased, the early part of the somatosensory evoked potential did not recover to baseline level, at least 404 over the 30 s recovery period which we monitored. 405
406
DISCUSSION
407
We have shown that transient near-complete block of pathways in the central nervous system can be 408 achieved using a high frequency sinusoidal stimulus delivered through a single sharp metal 409 microelectrode. This is a significant development since it demonstrates that principles carefully 410 identified in the peripheral nervous system also apply to central pathways. As in previous work, we 411 term the phenomenon a 'conduction block'. Alternative explanations for the reduction in responses 412 might involve synaptic depletion or antidromic collision. Synaptic depletion cannot explain the 413 observed effects on antidromic potentials, and the fact that block could be sustained for 30 s but then 414 recover rapidly suggests that the blocking electrode was not continually stimulating fibers. The 415 technique has potential to be exploited for both experimental purposes and clinical benefit. Possible 416 therapeutic applications include reducing symptoms such as pain and spasticity, which are otherwise 417 notoriously difficult to treat and represent a high burden for both patients and society. 418
High frequency block of the corticospinal tract 419
Our results demonstrate a range of conduction block using high frequency sinusoidal stimulation. The 420 maximum achieved was 99.6%, similar to the complete block reported in studies of peripheral nerves. 421
However, in two out of four animals we achieved <75% block of antidromic fast corticospinal 422 conduction. Although under optimal conditions a complete block can be achieved, it is important to be 423 aware that variation in electrode placement or inter-individual differences may lead to incomplete 424 blocking in some cases. 425
Blocking depended on stimulus frequency; in all animals, we found that a 2 kHz sinusoid (the lowest 426 frequency tested) was most effective. This contrasts with some previous work in peripheral nerve 427 which reported higher frequencies to be optimal (Tai et sinusoidal HF currents we were also able to generate block, although the dependence on frequency 436 appeared to show subtle differences, with 5kHz stimuli being more effective than either 4 or 7kHz; 437 2kHz was also effective (Fig. 6B) . 438
We did not test frequencies below 2 kHz, because in preliminary recordings lower frequencies led to 439 sustained activation, visible in animals not under neuromuscular blockade as repeated twitches. Even 440 at 2 kHz, there was a substantial transient activation of motor pathways (see Fig. 5A ), leading to a 441 large twitch if the animal was not maintained under neuromuscular block. Previous work in peripheral 442 nerve has attempted to reduce the transient activation using slowly increasing sinusoidal amplitudes, dependence on the precise biophysics of the axons involved, and hence it would be necessary to tune 451 the paradigm specifically for each application. In many cases, the existence of an onset response does 452 not compromise the utility of the technique (e.g. Fig. 6D ). Examination of the time course of blocking 453 onset was made complex by the interaction with the onset transient response. However, it was clear 454 that blocking was maximal as soon as this response started to decline (Fig. 5) . 455
As well as testing central rather than peripheral axons, our study differed from previous work because 456 HF current was delivered between a metal microelectrode insulated except for its tip and a distant 457 reference, rather than a bipolar cuff electrode surrounding the nerve allowing focal current flow. 
Future use of HF block 476
High frequency conduction block has the potential to become a useful experimental method. Unlike 477 surgical lesions, it is quickly reversible. Protocols can therefore be repeated numerous times within 478 one animal, leading to a reduction in animal numbers required for a given study. Although we see no 479
reason why the method should not work in any central axon tract, it would be important for future 480 studies to confirm the optimal frequency and intensity in the targeted structure, rather than assuming 481 that the parameters which we have found to work in primate corticospinal tract and ascending sensory 482 pathways are universally applicable. Although sinusoidal waveforms have been best investigated in 483 peripheral nerve, rectangular waveforms (Bhadra and Kilgore., 2004) and square wave pulses may 484 also be effective (Fig. 6B) , possibly opening the method to laboratories lacking equipment for 485 arbitrary isolated current waveform delivery. 486
It is important to consider the safety of this technique as it is developed for further applications. suggesting that so long as blocking is kept within limits it has no cumulative long term effects. 498
High frequency conduction block is useful in vitro or for anesthetized whole animal preparations, 499 where movements associated with the powerful onset transient activity can be blocked 500 pharmacologically, and there is no conscious perception of potentially unpleasant sensory activation. 501
It would also be desirable to use the technique in the conscious state, either to make experimental 502 lesions in behaving animals or as a therapy in patients, but onset activation is likely to present a severe 503 limitation. Such activity has been reported only once in the literature in an awake cat (Gaunt and 504 Prochazka, 2009); the authors described a 'mild aversive response' to high frequency stimulation of 505 the pudendal nerve. Whilst this may be tolerable, the consequences of onset responses associated with 506 stimulating central pathways are likely to be much more unpleasant, precluding use in awake subjects 507 unless approaches to minimize onset response can be shown to work effectively in central axons 508 
